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The forearm is the most common site of fracture in children.
Low bone mineral density (BMD) with smaller cortical area at
the radius have been associated with increased forearm fracture
risk1,2. Forearm fracture incidence peaks between 8 and 12 years
of age in girls and 11 and 14 years in boys3,4. The incidence of
forearm fractures has increased by 56% in females and 32% in
males between 1970 and 20003. Childhood forearm fractures in
boys have been associated with increased risk for fractures in
adulthood5. Since only about half of children remain fracture
free during childhood6, it is wise to consider interventions that
may increase bone density and cortical area, possibly reducing
forearm fracture risk in otherwise healthy children. 
Vibration devices used to load the forearm may be a method
to increase bone mass and size during growth. Platforms that
move up and down (synchronous vibration) or in a side-to-side
tilting manner about an axis (side-altering vibration) create
mechanical oscillations or vibrations7. By changing the ampli-
tude and frequency of the wave patterns set up by vibrating
platforms, higher or lower g-forces (1 g= normal force of grav-
ity) can be produced. Platforms that deliver less than 1 g are
considered low intensity, while those that deliver more than 1
g are considered high intensity8. Though the mechanisms are
not fully understood, there is substantial evidence that bone
tissue contains mechanosensitive cells that respond to loading
by mechanical stimulation as summarized in a recent review9.
Studies utilizing vibrating devices with the intent to increase
BMD and/or muscle function have been conducted in unique
populations of children with limited mobility10-12. Although
aBMD was decreased at the distal femoral diaphysis in children
with cerebral palsy, increases in trabecular aBMD, grip strength
of the upper body, and walking speed also were noted in these
studies. The effects of vibration on healthy populations of chil-
dren have not been studied. The objective of this pilot random-
ized controlled trial was to assess the feasibility, compliance
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Abstract
Objective: Interventions utilizing vibration may increase bone mass and size which may reduce forearm fractures in children.
This randomized controlled pilot trial tested the feasibility, compliance and efficacy of forearm loading regimes in an after-school
program in pre-pubertal children aged 6-10 years. Methods: A 12-week randomized controlled trial incorporated high (HMMS;
N=10) and low (LMMS; N=10) magnitude mechanical stimulation vibration, floor exercises (N=9), and controls (N=10). Radial
bone measures by DXA and pQCT were compared at the end of intervention (12-weeks) and 4-months post-intervention (4-
months post). Results: Percent changes were significantly greater in floor vs. control for ultra-distal areal BMD by DXA at 12-
weeks (1%[-2,5] vs.-5%[-8,-2] respectively, p=0.02) and 4-months post (5%[1,8] vs -2%[-5,2], p=0.03) and in HMMS vs. controls
for trabecular vBMD by pQCT at 12-weeks (4%[0, 8], vs. -8% [-14, -2], p=0.02). Children exposed to HMMS showed positive
changes in cortical BMC, area, and cortical vBMD after 12 weeks that remained 4 months post-intervention. Children exposed
to floor exercise showed positive changes in cortical BMC, area, and periosteal circumference 4-months post-intervention. Controls
had decreased trabecular BMD, but increased bone area and periosteal circumference. Conclusions: Exposure to floor exercise
and HMMS increased trabecular aBMD and vBMD in the radius. 
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and efficacy of a 12-week weight-bearing exercise program uti-
lizing both high- and low-magnitude vibration and targeting the
forearm of healthy children 6-10 years of age. The primary out-
comes were percent change in trabecular BMD measured as
areal bone mineral density (aBMD) by DXA and volumetric
BMD (vBMD) by pQCT. The main hypothesis was that percent
changes in trabecular BMD would increase more in the treat-
ment groups than in the control group and that the vibration
groups would have the greatest increases. Secondary outcomes
were percent changes in cortical bone mineral content (Crt
BMC) and bone size (cortical area and periosteal circumfer-
ence). The hypothesis was that exercise with vibration would
alter the bone response by increasing BMC and bone size.
Materials and methods
Subjects
This 12-week randomized controlled pilot trial was con-
ducted with participants recruited from an afterschool pro-
gram. The study design is shown in Figure 1. Eligible children
were aged 6-10 years, without conditions affecting bone me-
tabolism, and attended the program at least 3 days per week.
Participants were stratified by gender and randomized in sets
of 4 to one of four parallel groups using random numbers gen-
erated prior to recruitment. Study personnel gave a brief pres-
entation about the study to the children at the after-school
program and letters describing study details were sent home
with the children. Signed forms, assents from the child and
consents from the parent, were returned to the center. Out of
approximately 80 children who attended the center, 39 (24
male) returned signed consents. Phone calls to the parents were
made to answer questions they had about the study and to ob-
tain information on their child’s health history and dietary pat-
terns. All 39 children were determined to be eligible. None of
the parents were aware of any pubertal changes in their child
and therefore the participants were considered to be pre-pu-
bertal (age range= 6.1 to 9.7 years). The study protocol and
materials were approved by the South Dakota State University
Institutional Review Board.
Covariate measures
Anthropometric measures: Height was measured to the
nearest 0.5 cm in duplicate using a portable stadiometer (Seca
Model 225, Hanover, MD), and was repeated if measurements
differed by more than 0.5 cm. Weight was recorded to the near-
est 0.1 kilogram using a digital scale (SECA, Model 770,
Hanover, MD) while participants wore light clothing with
shoes removed. Forearm length was measured with the child
resting their elbow at a 90° angle on a flat counter surface and
holding their forearm perpendicular to the counter surface. The
wrist area was palpitated to locate the most distal end of the
ulnar styloid process and a light pen-mark was made. One end-
plate of the segmometer (Segmometer 4, Rosscraft, Vancouver,
Canada) was placed flat on the counter surface and the tape
was stretched to the pen-mark. Arm length was recorded to the
nearest millimeter. 
Figure 1. Study design.
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Food frequency questionnaire (FFQ) and accelerometers:
Dietary patterns were assessed using a calcium and vitamin D
questionnaire13 implemented via a phone interview with the
parent or guardian at baseline. Activity levels were assessed
during the 10th week of the study using the GT3X ActiGraph
accelerometer (ActiGraph, Pensacola, FL). This device is ca-
pable of recording the amount and intensity of physical activity
over a period of days. The accelerometer was attached to a belt
and distributed to and collected from the children during the
after-school program. Participants were instructed by study
staff to wear the belt for 7 days with the device positioned at
the level of the iliac crest toward the front of the hip. Instruc-
tion letters for the parents were sent home with the child. The
accelerometers were set to record activity in 10-second epochs
and cut points were used for determining moderate and vigor-
ous activity as discussed by Puyay et al.14 and Trost et al.15.
The percent of moderate plus vigorous activity per day was
calculated and the mean percent was used for analysis.
Strength measures: The non-dominant arm was used in all
strength and bone measures. The child was asked to write their
name and the hand used for this task was noted. The opposite
side was considered the non-dominant arm. Grip strength was
measured using a hand-held dynamometer (GRIP-D, Takei
Scientific Instruments Co., Tokyo, Japan) and recorded to the
nearest 0.1 kg as indicated by the device digital read-out. 
Outcome measures
Bone measures of the non-dominant arm were obtained at
three time points; baseline, end of exercise intervention (12-
weeks), and 4 months post-intervention (4-months post) using
DXA (Discovery, Hologic, Inc., Bedford, MA) and pQCT
(XCT 2000, Orthometric Inc., White Plains, NY). The forearm
DXA image was obtained and analyzed for ultra- and 1/3-distal
radius bone outcomes using APEX 3.3 software supplied by
the manufacturer. The ultra-distal radius is predominately tra-
becular bone while the 1/3-distal site is cortical bone. pQCT
slice images were obtained using a scout view to reference the
most proximal end of the growth plate and slices were obtained
at 4% (trabecular bone) and 20% (cortical bone) of the forearm
length. Settings to acquire the image were 0.4 mm voxel and
scan speed of 20 mm/s. Analysis was completed by a certified
bone densitometry technician using XCT6.00B software (Or-
tometric Inc, White Plains, NY) with contour mode and peel
mode set at 2, a threshold density of 400 mg/mm3 to define
trabecular bone, 710 mg/mm3 to define cortical bone, and 480
mg/mm3 for the strength strain indices as suggested by the
manufacturer.
Primary bone outcome measures were percent change in
ultra-distal (UD) aBMD by DXA and trabecular vBMD by
pQCT. Secondary bone outcome measures were UD and 1/3-
distal bone area and bone mineral content (BMC) by DXA and
cortical BMC (Crt BMC), volumetric BMD (Crt vBMD), area
(Crt Area), and periosteal circumference (Peri C) by pQCT.
Coefficients of variation (CVs) at our institution based on 9
children 5-11 years of age (mean age= 8 years) range from
0.36% for Crt vBMD to 2.46% for Crt BMC. 
Exercise intervention
The Soloflex WBV Platform (Soloflex, Inc., Hillsboro, OR)
a synchronous vibration device, produces low magnitude me-
chanical signals (LMMS, ~1 g) while the VibraFlex®450S (Vi-
braFlex LLC, Naples, FL), a side-altering device, produces
high magnitude mechanical signals (HMMS, >1 g). The two
levels of vibration were compared to floor exercises targeting
the arms but with no vibration, and a control group. The study
was scheduled around the school calendar since our intent was
to test the feasibility of the intervention during an after-school
program. The exercise sessions were scheduled to be every
day the after-school program was in session for a 12-week pe-
riod starting the first week of February and finishing the end
of April. The school calendar had 4 scheduled holidays during
this time, leaving 55 exercise sessions. School was cancelled
on six days due to inclement weather (excessive snow and bliz-
zard conditions). There were two days when staff were un-
available to supervise the interventions, one day was needed
to distribute activity monitors, and one day was needed to test
children who would be absent on the end-intervention testing
days. This left 45 possible exercise sessions. Compliance was
recorded for each child assigned to an intervention group as to
whether they came to their exercise group (attended), were at
the center but refused to come to their exercise group (non-
compliant), or not at the center (absent). The control group did
not have any compliance data collected. 
The first six weeks were planned to be an acclimation period
while the children in all treatment groups became accustomed
to the exercises. Exercises were done with the children’s hands
on the vibrating platform or exercise mat and knees on the
floor with elbows straight, but not locked (Figure 2). This po-
sition allowed the forearm to be loaded with minimal damping
and a vibration dose considered safe according to the National
Institute for Occupational Safety and Health (NIOSH) and
American National Standards Institute (ANSI) in the United
Figure 2. Position of the participant using the LMMS plate. Position
on the HMMS plate and exercise mat was similar.
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States and similar institutions in the European Union16-18.
Study staff asked and encouraged the children to report any
soreness, prolonged tingling, or stiffness in the hands or arms.
Stretches were done before and after exercise sessions in an
effort to reduce any injuries or muscle aches. No soreness, pro-
longed tingling, or stiffness were reported.
The formula for peak acceleration7 was used to define the
settings for the HMMS and LMMS vibration platforms. Since
the HMMS and LMMS plates differ in the peak acceleration
(g-force) they generate, our intent was to have each group re-
ceive the same g*minutes (g*min) of vibration per exercise
session. Therefore, the HMMS plate delivered a higher g-force
for a shorter time and the LMMS plate delivered a lower g-
force for a longer time. Due to space and time limits at the
after-school program and the limitation of only one HMMS
device, HMMS intervention was limited to 2 minutes per par-
ticipant. The HMMS device required the frequency (f) to be
entered and was set at 13.5 Hertz (Hz) with hands placed at
the 1mm position (2 mm displacement) for 2 minutes, calcu-
lated to be approximately 0.75 g for 2 minutes or 1.5 g*min
per session. The HMMS participants completed the 2-minute
session with one supervisor instructing them to keep their
hands on the plate with elbows straight but not locked. The
LMMS device had a dial that read in g units and the dial was
set at 0.3 g (the lowest setting) and exercises lasted 5 minutes
to equal 1.5 g*min. According to the manufacturer, 0.3 g on
the dial is approximately 29 Hz and the average amplitude is
approximately 0.1 mm. We had five LMMS platforms and
therefore completed these exercise sessions in two groups with
5 LMMS participants in each group. Participants in the floor
exercise group completed exercise interventions alongside the
LMMS group with all of the children doing the same exercise
movements for 5 minutes each day throughout the study. The
children in the floor and LMMS groups were on all fours with
hands on a yoga mat, elbows straight, but not locked. Dots
were marked across both the LMMS plates and the yoga mats
and the exercises/games were done to music or rhymes using
the dots to indicate hand placement (Figure 2). Since these ses-
sions lasted for 5 minutes, one instructor led the sessions and
encouraged the participants to move the hands from dot-to-dot
sideways, cross the hands over each other to move side to side,
have one hand on the plate or mat with the other raised, “hand
marching”, and push-ups from the knee position. A second in-
structor monitored the room and encouraged children to re-
main in the proper position to load the arms. The control group
completed measures at Base, End, and Post time points but had
no exercise intervention.
To optimize the training effect in the last 6 weeks, we in-
tended to increase the vibration dose for each group to 5 g*min
which was the maximum amount of vibration the LMMS plate
could deliver in the time allotted at the after-school program
(dial set at 1 g ~55 Hz, 0.1 mm amplitude, for 5 minutes).
However, this meant increasing the HMMS frequency to 24.9
Hz to reach 5 g*min in the allotted 2 minute time period. This
amount of vibration was considered cautionary or “above ac-
tion values” according to ANSI guidelines. Alternatively, the
hands were moved to the 2 mm position (4mm displacement)
with the frequency remaining at 13.5 Hz for a calculation of
approximately 3 g*min, which was double the initial HMMS
dose. None of the children reported soreness, prolonged tin-
gling, or stiffness in their hands or arms at these settings.
Statistical analysis
Statistical analysis was completed using JMP software (ver-
sion 10, SAS Institute, Cary, NC). Sample size was estimated
using data from the study by Ward et al12 based on the differ-
ence in trabecular vBMD in the proximal tibia of disabled chil-
dren who stood on low magnitude vibrating platforms. With
10 participants in each group, a net benefit of 15.72 mg/ml
(p=0.003) was found between active and placebo groups using
an intervention of 10 minutes/day, 5 days/week, for 6 months. 
The overall compliance in our study was calculated based
on the 29 exercise participants and 45 exercise sessions. Ses-
sions attended divided by the number of sessions possible are
reported as percent compliance overall and for each exercise
group. Primary and secondary outcome variables are mentioned
above. Covariates were gender, percent time in moderate plus
vigorous activity, and baseline measures of age, height, weight,
arm length, calcium and vitamin D intake, and grip strength.
These covariates were tested for correlations with baseline bone
measures and compared among groups at baseline using
ANOVA and post-hoc Tukey test to control for multiple com-
parisons. Covariates showing correlations with outcome vari-
ables or a difference among groups at baseline were included
to evaluate regression models. Changes in height, weight, fore-
arm length and grip strength were calculated from Base to End
and Base to Post and were tested for differences among groups.
Percent compliance and group-by-gender and group-by-age-
interactions also were tested for significance in models to de-
termine if the bone response to the different loading
interventions varied by compliance, gender or age. Final re-
gression models controlled for the baseline bone measure, age,
height, weight, forearm length, grip strength, and change in
forearm length. Marginal means for outcome measures were
tested for differences among groups by post-hoc Tukey and for
significant change using 95% confidence intervals (CI; CI not
including zero considered significant change). Differences in
treatment groups vs. control group were tested post-hoc using
Dunnett’s test for multiple comparisons.
Results
We found the after-school program to be a favorable envi-
ronment to conduct this study. Children attended the exercise
sessions 84±11% (mean±SD) overall and compliance did not
differ among exercise groups. Non-compliance was 3±5% and
children were absent from the intervention 13±11% of the
time. Absences recorded for two participants in the LMMS
group and one participant in the floor group were due to pre-
scheduled recurring after-school activities one day every week.
Also one participant in the LMMS group was only scheduled
to be at the program 3 days per week. There were 19 recorded
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non-compliances with 8 of those in one participant who was
challenged with behavior issues and who followed a special
disciplinary plan at the program. Other reasons for non-com-
pliance were a preference for a special activity in the after-
school program or not feeling well. There were no reports of
discomfort, soreness, prolonged tingling, or stiffness with the
exercise regimes. 
Covariates by group are presented in Table 1 for baseline
and for changes in the covariates from baseline to the two time
points. There was a significant difference in age at baseline
among the groups by one-way ANOVA, but no difference by
post-hoc Tukey test. Visits were scheduled for all groups at the
same time, so there was no difference in the change in age
among groups. Children randomized to the LMMS group were
shorter than those randomized to the floor group at baseline,
but not different from the Control or HMMS groups. This dif-
ference remained throughout the study with no difference in
change in height among groups. Weight was not different
among the groups at any visit. Children in the LMMS group
had shorter arm lengths and less grip strength than those in the
control and floor group at baseline. The change in arm length
during the intervention was greater in the LMMS group than
other groups however, the greater change did not make up for
the difference seen at baseline and arm length remained shorter
at 12-weeks (LMMS 186±12 mm vs. Control 200±14 mm and
Floor 204±9 mm; p=0.01) and 4-months post-intervention
(LMMS 186±12 mm vs. Control 203±14 mm and Floor
206±10 mm; p<0.01). There was no difference in grip strength
among groups by post-Hoc Tukey at 12-weeks (LMMS
10.4±3.1 kg vs. Control 14.3±4.8 kg and Floor 13.3±1.6 kg;
p=0.05) or 4-months post (LMMS 12.7±2.4 kg vs. Control
15.7±4.1 kg and Floor 14.7±2.6 kg; p=0.09). There were no
differences among groups in the change in grip strength over
the study period, but the LMMS group showed a significant
increase in grip strength by 4-months post-intervention. Cal-
cium and vitamin D intakes did not differ among groups. Ac-
celerometer data were used if the child had at least 6 hours of
counts on at least three days over the 7-day period (N=33,
85%). Moderate plus vigorous activity was calculated as a per-
cent of the day spent at this level of activity and the mean was
used for analysis. Percent time in moderate plus vigorous ac-
tivity did not differ among groups (Table 1). Baseline bone
measures are shown in Table 2. After controlling for covari-
ates, differences among groups in UD aBMD and Trab vBMD
remained at baseline. UD aBMD was lower in the control and
LMMS group compared to the HMMS group. Trab vBMD
Control Floor LMMS HMMS p-value 
Gender [Male/Female] 6 / 4 6 / 3 6 / 4 6 / 4 —
Age [yr] 7.8±1.1 7.9±0.9 6.8±1.0 7.0±1.0 0.04* 
Height Baseline [cm] 127.0±8.0 130.0±3.5A 121.0±7.0A 124.0±5.5 0.03 
∆ Height [cm, End – Base] 1.7 [1.0, 2.4] 1.3 [0.7, 1.8] 1.3 [-0.1, 2.6] 2.4 [1.6, 3.2] — 
∆ Height [cm, Post – Base] 3.8 [2.7, 4.9] 2.8 [1.6, 4.1] 3.4 [2.1, 4.6] 4.2 [3.2, 5.2] — 
Weight [kg] 28.6±5.5 29.5±4.1 23.7±5.8 25.7±6.1 0.10 
∆ Weight [kg, End – Base] 0.9 [0.4, 1.4] 1.1 [0.0, 2.1] 0.6 [0.2, 1.1] 0.6 [0.2, 1.0] — 
∆ Weight [kg, Post – Base] 2.3 [1.2, 3.3] 2.4 [1.2, 3.6] 1.9 [1.4, 2.3] 2.2 [1.2, 3.1] — 
Forearm Length [mm] 200±14A 204±9B 183±13AB 192±11 0.003 
∆ Forearm Length [mm, End – Base] 0.0 [-1.3, 1.3] 0.0 [-1.7, 1.0] 2.9 [1.6, 4.2] 0.0 [-1.3, 1.3] <0.01 
∆ Forearm Length [mm, Post – Base] 2.8 [0.0, 5.6] 1.7 [-1.3, 4.6] 3.6 [0.8, 6.4] 4.2 [1.4, 7.0] — 
Grip Strength [kg] 14.3±3.8A 14.2±1.9B 10.0±2.1AB 11.1±4.6 0.01 
∆ Grip [kg, End – Base] 0.0 [-1.7, 1.7] -0.9 [-2.7, 0.9] 0.4 [-1.3, 2.1] 0.1 [-1.6, 1.8] — 
∆ Grip [kg, Post – Base] 1.4 [-0.4, 3.2] 0.5 [-1.4, 2.4] 2.6 [0.8, 4.4] 1.6 [-0.2, 3.4] — 
Calcium Intake [mg/d] 1672±507 1324±259 1407±503 1455±525 —
Vitamin D Intake [IU/d] 504±291 451±195 373±202 701±515 —
Mod + Vig Activity [%] 19.9±5.3 18.0±6.5 20.6±5.7 18.8±4.7 —
[N] (6) (8) (9) (10) 
Compliance [%] — 78±10 82±13 88±10 —
[NC, ABS] (5, 15) (2, 15) (2, 8) 
Data are Mean ± SD for baseline and Mean [95% CI] for changes. p-values ≤0.10 are shown.
*Indicates significant ANOVA but no difference among groups by post-hoc Tukey test at p<0.05.
Groups with the same letter are different by post-hoc Tukey test at p<0.05.
Base – baseline measure; End – end of intervention measure; Post – 4 month post-intervention measure; 
LMMS – Low Magnitude Mechanical Signals; HMMS – High Magnitude Mechanical Signals; NC – non-compliant; ABS – Absent.
Table 1. Covariate measures by intervention group.
T.L. Binkley et al.: Vibration and child forearm bone measures
299
Control Floor LMMS HMMS p-value
DXA Forearm N=10 N=9 N=10 N=10
UD aBMD (g/cm2) 0.299±0.028A 0.323±0.038 0.289±0.017B 0.324±0.041AB 0.05†
UD Area (cm2) 2.2±0.3 2.1±0.1 2.0±0.3 1.9±0.3 0.09
UD BMC (g) 0.65±0.08 0.68±0.09 0.57±0.06 0.62±0.12 0.07
1/3 aBMD (g/cm2) 0.470±0.044 0.492±0.046 0.446±0.031 0.472±0.439 —
1/3 Area (cm2) 2.1±0.2 2.1±0.2 1.9±0.2 1.9±0.2 —
1/3 BMC (g) 0.98±0.14 1.04±0.13 0.86±0.13 0.92±0.18 0.06
pQCT 4% Site N=10 N=8 N=10 N=10
Trab vBMD (mg/mm2) 192±21AB 231±21A 207±14 226±30B 0.002†
pQCT 20% Site N=10 N=8 N=10 N=10
Crt Area (mm2) 38±4A 41±5B 31±3AB 35±9 0.005
Crt BMC (mg) 38±5 42±5A 31±4A 35±10 0.005
Crt vBMD (mg/mm2) 1003±42 1031±15 1005±50 997±32 —
Peri C (mm) 28±2 28±1 26±3 26±4 —
Data are Mean ± SD. p-values ≤0.10 are shown.
†Indicates differences among groups remained after controlling for age, gender, weight, height, grip strength, and arm length.
Groups with the same letter are different by post-hoc Tukey test at p<0.05.
LMMS – Low Magnitude Mechanical Signals; HMMS – High Magnitude Mechanical Signals 
UD – ultra distal forearm; 1/3 – 1/3 distal forearm; BMC – bone mineral content; aBMD – areal bone mineral density; vBMD – volumetric
bone mineral density; Trab – trabecular bone; Crt – cortical; Peri C – periosteal circumference.
Table 2. Baseline bone measures by group.
Baseline to end of Baseline to 4 months 
intervention post intervention
Control Floor LMMS HMMS p Control Floor LMMS HMMS p
DXA Outcomes N=10 N=8 N=10 N=10 N=9 N=9 N=10 N=10
∆ UD aBMD [%] -5 [-8, -2]A 1 [-2, 5]A -2 [-5, 2] -2 [-5, 1] 0.02 -2, [-5, 2]A 5 [1, 8]A 4 [0, 7] 2 [-1, 5] 0.03 
∆ UD Area [%] 5 [2, 8] 0 [-4, 3]A 0 [-4, 4] 7 [3, 10]A 0.01 4 [0, 7] 3 [0, 7] 1 [-3, 5] 5 [2, 9] — 
∆ UD BMC [%] 0 [-3, 3] 1 [-2, 4] -2 [-5, 2] 3 [1, 6] — 3 [-1, 6] 7 [3, 11] 6 [2, 10] 6 [3, 10] — 
∆ 1/3 aBMD [%] 2 [0, 4] 2 [-1, 4] 0 [-2, 2] -1 [-3, 2] — 3 [1, 6] 5 [3, 7] 2 [0, 4] 1 [-1, 3] — 
∆ 1/3 Area [%] 0 [-3, 3] 1 [-2, 4] -2 [-5, 2] 2 [-1, 5] — 1 [-1, 4] 4 [1, 7] 2 [-1, 5] 3 [1, 6] —
∆ 1/3 BMC [%] 2 [0, 5] 3 [0,6] -1 [-4, 2] 1 [-2, 3] — 5 [3, 8] 9 [6, 12]A 4 [1, 8] 4 [1, 6]A 0.05
pQCT Outcomes N=10 N=7 N=9 N=10 N=9 N=8 N=10 N=10
∆ Trab vBMD [%] -8 [-14, -2]A 3 [-3, 9] -3 [-9, 3] 4 [0, 8]A 0.02 -3 [-8, 3] 5 [-1, 12] 4 [-2, 9] 4 [-1, 8] — 
Data are marginal means [95% CI] controlling for baseline measure, age, height, weight, forearm length, grip strength, and change in forearm length
(End of intervention – baseline). Percent changes significantly different from zero are indicated by CI not containing zero and are in bold type.
Groups with the same letter are different by post-hoc Tukey test. LMMS – Low Magnitude Mechanical Signals; HMMS – High Magnitude Mechanical
Signals ; UD – ultra distal forearm; 1/3 – 1/3 distal forearm; BMC – bone mineral content; aBMD – areal bone mineral density; vBMD – volumetric bone
mineral density; Trab – trabecular bone.
Table 3. Percent changes in bone outcomes at end and 4 months post-intervention.
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was lower in controls compared to the floor and HMMS group. 
Efficacy of the intervention was based on the percent
change in trabecular aBMD and vBMD over the intervention
period and at the 4-month post-intervention time point to test
for persistent or delayed effects. Table 3 shows the marginal
means for percent change in bone outcomes between baseline
and both the 12-week and 4-month post visits. Movement dur-
ing the acquisition of scans caused some scans to be unaccept-
able; therefore the number of participants in each group is
given for each type of scan. 
Percent change during the intervention in trabecular aBMD
and vBMD, the primary outcomes, differed among groups.
The Floor group had a greater percent change in UD aBMD
than the Control group. The change in trabecular vBMD was
greater in the HMMS group than the Control group. The in-
crease in UD bone area without a concomitant increase in
BMC resulted in a significant decrease in aBMD and trabecu-
lar vBMD in the control group. At the 4-month post visit the
percent change in aBMD between the Floor and Control group
remained different but there were no differences among groups
in the trabecular vBMD. 
Secondary outcomes during the intervention showed that
the HMMS group had a greater increase in UD area than the
floor group (Table 3), but the effect did not persist 4 months
post-intervention. Increases in BMC at the 1/3 distal radius
were greater in the floor group than the HMMS group 4
months post-intervention. Percent changes in cortical bone
measures are shown for Baseline to 12-weeks (Figure 3A) and
Figure 3. Percent changes in cortical bone outcomes. (A) 12-weeks, End of intervention. (B) 4 months post-intervention. Data are marginal means
(with standard error bars) controlling for baseline measure, age, weight, height, arm length, grip strength, and change in forearm length (End – Base-
line). *Indicates a change that is significantly different from zero. Crt - cortical, BMC – bone mineral content, Peri C – periosteal circumference.
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Baseline to 4-months post (Figure 3B). There were no differ-
ences in the percent change in any cortical outcome measures
among the groups. The HMMS group showed significant in-
creases in cortical BMC and area during the intervention which
translated to a significant increase in cortical vBMD (2.8%
[0.9, 4.6]; mean [95% CI]). No other groups showed signifi-
cant increases in these measures. Both the HMMS and Floor
group showed significant increases in cortical BMC and area
from the start of the intervention to 4 months post-intervention,
but only the HMMS group showed a significant increase in
cortical vBMD (2.3% [0.6, 4.0]); Peri C showed significant
increases in the control and floor group. 
Discussion
We found the after-school program to be a feasible environ-
ment to implement short daily exercise routines to load the
forearm of healthy children 6-10 years of age. The main hy-
pothesis that trabecular aBMD and vBMD would increase
more in the treatment groups than in the control group was
confirmed for the floor and HMMS groups, but not for the
LMMS group. At the end of the 12-week intervention, the per-
cent change in ultra-distal aBMD was greater in floor exercise
and trabecular vBMD percent change was greater in HMMS
compared to the control group. Differences in ultra-distal
aBMD between floor and control groups remained 4 months
post-intervention, but differences between HMMS and control
groups did not persist. 
The control group showed a significant decrease during the
intervention in UD aBMD and trab vBMD which appears to
be due to an increase in bone area without an associated in-
crease in BMC. The phenomenon of a lag between the increase
in bone size and the later increase in density during the growth
spurt has been outlined by Parfitt19. Unlike the control group,
the intervention groups did not show a decrease in trabecular
aBMD or vBMD. In particular, UD BMC showed significant
increases from baseline to 4 months post-intervention in all
the treatment groups but not in the controls. Whether or not
the increase in BMC at this vulnerable time could reduce frac-
ture risk is not known. Ward et. al found the distal radius to
have greater total and trabecular vBMD in pre-pubertal gym-
nasts compared to controls but no difference in bone area20.
The authors suggested that an increase in trabecular thickness
or primary spongiosa converting to secondary spongiosa
caused the increase in trabecular vBMD, allowing loads to be
transmitted through the joint more efficiently. The interven-
tions in our study may have caused similar responses. 
Changes in cortical bone responses were not different
among groups at 12-weeks or 4 months post-intervention. At
the 1/3-distal radius site measured by DXA, significant
changes were minimal during the intervention, but became
more notable post-intervention; in particular, all DXA meas-
ures showed significant increases for the floor group. Changes
in pQCT cortical bone responses showed significant increases
in BMC, area and vBMD during the intervention for the
HMMS group only. Changes by 4 months post-intervention
included significant increases in cortical BMC, area, and
vBMD in HMMS group; increases in cortical BMC, area, and
peri C in floor group and peri C in control group. Although the
results are not consistent among the intervention groups and
interpretation is not straightforward, these results may suggest
that the cortical bone response due to loading via floor exer-
cises or HMMS may be delayed during growth. 
These results are interpreted with limitations. The small
sample size did not allow for a balanced randomization in re-
gard to baseline bone measures. The study is limited by the
classification of a pre-pubertal population based on the par-
ents’ judgment via responses to the questionnaire. The 12-
week intervention resulted in only 45 exercise sessions and
this may not have been long enough to initiate a strong bone
response. Due to space restrictions at the after-school program,
the floor and LMMS groups did exercises side-by-side in the
same room with two study staff supervising the sessions.
Meanwhile, one HMMS plate was located in an adjacent room
and participants exercised one at a time with one study staff
supervising. Although there was no difference in compliance
among groups, it is possible that the one-to-one participant-to-
staff configuration in the HMMS group might have allowed
for better adherence to proper positioning during the exercise
sessions than the five-to-one ratio in the Floor/LMMS group. 
Both the HMMS and the LMMS vibration platforms used
in the study were commercial grade. One HMMS plate was
used which had a digital readout for settings while the five
LMMS plates had rheostat dial-type control knobs for settings.
Testing on one LMMS plate at our facility was done using an
accelerometer to test the accuracy of the dial reading fre-
quency. It was found that the frequency was 23-50% higher
than the manufacturers expected value when the dial was set
≤0.7 g, but was not different from the expected frequency
when the dial was set above 0.7 g21. We had the children rotate
between the five different plates, spending one week on a plate
before changing. We did not test all of the LMMS plates nor
did we test the HMMS plate to see if the digital setting of the
frequency matched accelerometer readings. Although we cal-
culated and used similar g*min for the vibration groups in the
first 6 weeks, there were different doses the last 6 weeks with
the LMMS plate at 5 g*min and the HMMS at 3 g*min.
Whether or not the changes in bone were affected by these is-
sues is not known.
Post-hoc power analysis from data we collected at the 20%
distal radius site indicate a 38% power to detect a difference
in cortical BMC and 45% power to detect a difference in cor-
tical area with our sample size. Future studies would need ap-
proximately 60 participants per group to detect these
differences. In addition, future studies could explore whether
or not exercise interventions alone or with vibration can main-
tain synchronization between bone mineral content and bone
area during growth and if this phenomenon could decrease
forearm fractures. 
The novelty of this study was the use of high and low in-
tensity vibration platforms to target the forearm, a site most
commonly fractured in children this age. Both DXA and pQCT
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densitometry were used so that changes in both areal and vol-
umetric BMD, as well as bone geometry, could be measured.
In summary, this study tested the effect of loading by vibration
and non-vibration exercise on forearm bone density in healthy
children aged 6-10 years. We found that floor exercises and
high-magnitude vibration targeting the forearm increased tra-
becular BMD in the radius. 
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